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Metallic transition metal dichalcogenides (MTMDCs) have manifested a wealth of intriguing properties in their bulk states, such as magnetism [1] [2] [3] , charge density waves [4] [5] [6] [7] , and superconductivity [8] [9] [10] , resulting in worldwide attention from condensed-matter physicists over several decades. Recently, there has been renewed research interest in these MTMDCs (TaS2, NbSe2, etc.), as they have proven to be ideal systems for exploring collective electronic states down to the two-dimensional (2D) limit [11] [12] [13] [14] . More intriguingly, the excellent electrical conductivity and lack of bandgaps in these layered materials also indicate a broad range of potential applications such as transparent electrodes 15 and energy conversion/storage 16 , if they can be thinned down to the nanoscale. However, the acclaimed 2D forms remain unattainable and almost unexplored to date, which is in stark contrast to semimetallic graphene 17, 18 and their dichalcogenide analogues such as monolayer MoS2 19, 20 , MoTe2 21, 22 , and ReS2 23, 24 . This is mainly attributed to the hysteretic research developments in the batch production of high-quality, large-domain-size MTMDC nanosheets 14, 25 , and of paramount importance, with sub-10 nm thickness that approaches the 2D regime 26, 27 .
Vanadium disulfide (VS2) is a representative member of the MTMDC family that has a partially-filled energy band at the Fermi level (EF). Being a model d 1 system with every V atom having one unpaired d-orbital electron 28 , this metallic van der Waals (vdW) material is attractive for investigating electronically ordered phases that are susceptible to structural instabilities 29, 30 . More interestingly, it has been predicted by theoretical calculations that VS2 possesses unique dimension-dependent magnetic properties 31 , rendering it the first 2D ferromagnet 32 that holds promise for next-generation spintronic applications. However, the intricate V-S phase diagram contains various intermediate compounds (V3S4, V5S8, VS2, etc.) that can be easily transformed into each other by thermal annealing 33 .
This has made achieving pure-phase VS2 for accurate determination of its structure-property relationship a great challenge even in the bulk state 30 , not to mention for the 2D counterparts.
Conventionally, bulk VS2 crystals are often prepared using chemical vapor transport techniques [34] [35] [36] , which are not only time-consuming but also yield nonstoichiometric samples with excess V atoms within the vdW gaps (the 4 space between two neighboring VS2 layers). This deviation from the ideal vdW layered structure has made top-down exfoliation methods ineffective for the preparation of nano-thick VS2 flakes. On the other hand, current bottom-up synthetic strategies, either by hydrothermal methods 37 or chemical vapor deposition 38 (CVD), are still incapable of mass-producing VS2 nanosheets that simultaneously possess sub-10 nm thicknesses and 100 μm domain sizes. This has not only retarded the exploration of their thickness-dependent electronic/magnetic properties, but also greatly impeded their practical applications from being realized, although previous experimental explorations have demonstrated a great promise for electrochemical energy storage 37 and hydrogen evolution applications 38 .
To tackle the above issues, we herein report an ambient-pressure CVD growth of VS2 nanosheets with sub-10 nm thickness and lateral sizes of up to tens of micrometers, which has offered us a great opportunity to explore the detailed atomic structures and electronic properties of the material close to the 2D limit. Interestingly, the VS2 nanosheets, either vertically aligned or laid down on SiO2/Si, can be facilely transferred to arbitrary substrates even without the aid of polymer supports. This transferability, combined with the scalability of the CVD techniques, has enabled the VS2 nanosheets to be used as promising electrode materials for supercapacitors and monolayer MoS2 electronics, exhibiting remarkable performances in association with their metallic properties and ultrahigh density of states (DOS) at EF. The findings presented in this work are believed to pave the way for the property investigation and application development with this metallic 2D material.
Results
CVD growth of the VS2 nanosheets. The VS2 samples were grown by a facile CVD method under a mixed Ar/H2 gas flow, with the substrates (such as SiO2/Si) kept at ~600 °C, and solid VCl3 and sulfur used as precursors ( Figure   1a ). It was found that, lowering the evaporation temperature of VCl3 to 275-300 °C was the key to growing ultrathin VS2, along with the location optimization of SiO2/Si substrates with respect to the VCl3 precursor (see Supplementary Figure S1 , S2 for details). Typically, three kinds of VS2 flakes were found on SiO2/Si substrates: thick hexagonal VS2 5 (>100 nm), and ultrathin VS2 (<10 nm) that was either vertically grown or laid down on the substrates (Figure 1b ).
The unique half-hexagon domain shapes of the ultrathin VS2 can be understood as toppling of the vertically-aligned VS2 sheets whose longest edges initially bonded to the substrates (Supplementary Figure S3) .
Interestingly, the characteristic edge length of the VS2 nanosheets (defined as the length of the longest edge for each half-hexagonal VS2 flake) could be increased greatly from ~10 μm to ~40 μm by reducing the H2 flow rate from 8 sccm to 2 sccm (Figure 1c ). The evolution of the average edge length as a function of H2 flow rate is plotted in Figure 1d , which clearly demonstrates that the size of the VS2 nanosheets could be finely tuned by changing the composition and concentration of the carrier gas. Without H2 in the carrier gas, no VS2 products were observed on the SiO2/Si substrates. The hydrogen flow is thus expected to have triggered and determined the reaction rate of vanadium chloride with sulfur, which consequently influences the growth rate and nucleation density of the VS2 nanosheets (more discussion about the growth mechanism can be found in Supplementary Note 1.2). hinting at both the flexibility and ultrathin characteristic of the samples. As a direct measurement, atomic force microscopy (AFM) was utilized to reveal the exact thicknesses of the nanosheets, which were found to fall within a narrow range of 5-8 nm (corresponding to 8-14 layers). One height image of a 6.7-nm-thick VS2 sheet is presented in Figure 2d , demonstrating its excellent thickness uniformity and quasi-2D feature.
The VS2 nanosheets were also transferred onto highly oriented pyrolytic graphite (HOPG) that is suitable for , as is discussed later in this work. 7 A diverse set of transmission electron microscopy (TEM) techniques were further utilized to resolve the crystal structure of the CVD-derived VS2 nanosheets. Figure 3a is the low-magnification TEM image of a characteristic halfhexagonal VS2 nanosheet transferred on a copper grid. Corresponding selected-area electron diffraction pattern is provided in Figure 3b , from which the (100) interplanar distance d100 can be revealed to be ~0. 28 Figure S9 , and the identical ΔL in Figure 3e , i), it is evident that V intercalation did not cause obvious structural distortion in the VS2 frameworks.
Multifunctional electrode applications of the VS2 nanosheets. In an octahedral crystal field, the d band usually splits into two sub-bands to accommodate remnant non-bonding d electrons 20 . Theoretically, this yields a filling factor of 1/3 for the lower-energy t2g band in 1T-VS2, and contributes to its metallic behavior (Figure 4a ). For a 6.7-nmthick VS2 sample, our four-probe electrical measurements indeed revealed an ultralow resistivity of ~3 Ω μm and a monotonic increase of the resistance above 300 K (Figure 4b ). In the low temperature range, however, the resistancetemperature (R-T) curve exhibits two peculiar extrema at ~106 K and ~25 K, which are likely to be associated with multiple transitions between ordered electronic phases. According to previous literature, the peak at ~106 K possibly reflects the latent structural instability of the material 30 , while the inflection point at ~25 K is proposed to be associated with the magnetic ordering from paramagnetism to antiferromagnetism 41, 42 . Interestingly, both of the two transition temperatures increase monotonically with increasing VS2 thickness (black arrows in Figure 4c ), and the insulating feature below 30 K vanishes, switching from an upturn to a downturn when the sheet thickness exceeds 8
nm. This phenomenologically illustrates a significant thickness dependence of the collective electronic states hosted by our CVD-VS2 sample, although the intricate physics behind this requires further investigation. Table S1 ). Nevertheless, the remarkable improvement in on-state current and field-effect mobility for VS2-contacted MoS2 devices could be reproducibly obtained, suggesting a muchreduced contact resistance ( c,VS 2 ) across the VS2/MoS2 interface. That means, the CVD-synthesized VS2 nanosheets could serve as ideal electrode materials for constructing monolayer MoS2 devices.
Despite of the difficulty in direct determination of c,VS 2 using the transfer length method, the on-state c,VS 2 could be estimated to be less than 1/4 of that of Ni/Au contacts ( c,Ni ), since c,VS 2 44 . The greatly improved device performance is attributed to the highquality vdW interface which is free of Fermi level pinning effects 45 , thus enabling efficient charge injection from the VS2 electrode into the MoS2 channel (more discussion can be found in Supplementary Figure S12) . The VS2 nanosheets have also manifested impressive performance as supercapacitor electrodes for energy-related applications. The capacitive behavior of VS2 nanosheets can be understood to originate from their ultrahigh quantum capacitance 46 , CQ = e 2 (dn/dEF), where n is the carrier density, and dn/dEF is the DOS at the Fermi level. Specifically, the half-filled t2g band in VS2 (Figure 5b ) contributes to a rather high DOS at EF, which is in stark contrast to semimetallic graphene with a near-zero DOS at the Dirac point. This, combined with the electrochemical intercalation process (Figure 5a) , has led to a charge-storage mechanism that is more analogous to pseudocapacitors than electrical double-layer capacitors 47 .
To practically achieve such devices, high-density VS2 flakes (Figure 5c ) grown at a shorter distance from the VCl3 precursor were sonicated and dispersed in a mixed water/isopropanol solvent, and then deposited onto a glassy 11 carbon (GC) electrode using Nafion binding agent 38 . Such VS2/GC electrodes were tested in 0. Notably, the specific capacitance derived by integrating the cathodic parts of the CV curves was revealed to be as high as 8.6×10 2 F g -1 at a scan rate of 5 mV s -1 (red curve in Figure 4d ). Even at a much higher rate of 200 mV s Interestingly, the capacitive performance of the VS2/GC electrodes was found to correlate strongly with the alkali metal ions used. In Figure 5g , CVs at 20 mV s -1 in four different sulfate solutions show that moderate capacitances of ~2×10 2 F g -1 can be achieved for Na2SO4 and K2SO4, whilst the capacitive behavior is almost absent in Li2SO4.
This can be more clearly seen in the plots of capacitance (C) versus scan rate (v) in Figure 5h , where the capacitive performances at all scan rates follow the same sequence of H2SO4 > K2SO4 ≈ Na2SO4 ≫ Li2SO4. Notably, the distinct cation dependence combined with the ∝ −1/2 relationship (blue dashed line in Figure 5h) indicates that, this 12 capacitive behavior is associated with a semi-infinite linear diffusion process 50 , namely, intercalation of alkali metal ions into the vdW gap, rather than simply electrostatic adsorption on the VS2 surface. This has been further corroborated by our electrochemical impedance spectroscopy measurements provided in Supplementary Figure S15 .
Moreover, the observed performance sequence is also in perfect accordance with the order of hydrated radii of the four cations 51 (inset in Figure 5h) , and a cutoff radius, 3.58 Å (Na + ) < rc < 3.82 Å (Li + ), is anticipated to mark the upper limit of cation size for intercalation. Additionally, the VS2/GC electrodes were subjected to cyclic charge/discharge tests in these aqueous solutions (Figure 5i ) and retained capacitances in excess of 85% after 1000 cycles, indicating their excellent performance stability.
Discussion
In summary, we have demonstrated a facile CVD route for synthesizing VS2 nanosheets with sub-10 nm thicknesses and domain sizes of tens of micrometers. This metallic 2D material represents the last but essential component in supplement to semimetallic graphene, semiconducting MoS2, and insulating h-BN within the 2D family. The ultrahigh intrinsic carrier density in combination with the stoichiometric variability of the 2D crystal has provided great opportunities for exploring the relationship between the structural instability and the ordered electronic phases.
Most importantly, the conductive nanosheets have manifested great promise for a host of applications, i.e., serving as electrical contacts for monolayer MoS2 that reduce the contact resistances by a factor of 1/4 with respect to Ni/Au electrodes, and as supercapacitor electrodes in aqueous electrolytes with specific capacitances as high as 8.6×10 2 F g -1 . These findings will pave the way for realizing functionality integration and diversification with the 2D building blocks, for which VS2 nanosheets will also find a place.
Methods
CVD growth of VS2 nanosheets. The CVD growth was implemented in a thermal split tube furnace (Lindberg/Blue M) equipped with a 1-in.-diameter quartz tube. Three quartz boats containing 100 mg sulfur (Alfa Aesar, ≥ 99.5%), 20 mg VCl3 (Alfa Aesar, ≥ 99%), and SiO2/Si substrates, respectively, were loaded into the tube from upstream to downstream.
Prior to heating, the furnace tube was purged with 500 sccm Ar for 10 min, and then flowed with 100 sccm Ar and 2-10 sccm H2 to create a preferable growth atmosphere. A typical growth recipe was as follows: the evaporation and deposition zones were heated to 275 °C and 600 °C, respectively, within 25 min, kept at the setpoint temperature for 10 min, and then naturally cooled down to ~350 °C before the furnace was opened for rapid cooling.
Characterization. The VS2 nanosheets were systematically characterized using optical microscopy (Nikon LV100ND), Electrochemical measurement. The electrochemical measurements were performed in a three-electrode system based on an electrochemical workstation (CHI660E), where VS2 nanosheets, graphite rod, and saturated calomel electrodes served as the work, counter, and reference electrodes, respectively. 0.5 M H2SO4, Li2SO4, Na2SO4, and K2SO4 were used as the electrolyte solutions. Cyclic voltammetry data were collected in between -0.3 V and 0.6 V vs. NHE with scan rates ranging from 5 mV/s up to 200 mV/s. Operational potential ranges were chosen to avoid hydrogen evolution at low potentials and Capacitance retention over 1000 cycles in the four sulfate solutions.
